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Magnetic tunnel junctions MTJs using epitaxially grown 100-oriented and 110-oriented
Co2FeSi Heusler alloy bottom electrodes and amorphous Al-oxide barriers were fabricated. The
tunnel magnetoresistance TMR ratios were 80% at 2 K and 48% at room temperature for the MTJ
with the 100-Co2FeSi bottom electrode. The MTJ with the 100-Co2FeSi bottom electrode had a
smaller TMR ratio than the MTJ with 100-Co2FeSi electrode. The TMR ratio in MTJs with
Co2FeSi electrode is smaller than that of a MTJ with Co2MnSi electrode. Tunnel conductance
characteristics were investigated, revealing no half-metallic character in MTJs with Co2FeSi
electrode in the conductance-voltage curves. © 2009 American Institute of Physics.
DOI: 10.1063/1.3062814
I. INTRODUCTION
Half-metallic ferromagnets HMFs have a band gap for
one spin band: they are ideal high-spin-polarization materi-
als. Actually, HMFs have attracted great interest because
they can considerably enhance the performance of spin-
electronic devices such as magnetic random-access memo-
ries. They are also useful in developing innovative devices
such as spin transistors. Some groups of full-Heusler alloys
Co2MnAlSi, Co2FeSi CFS, Co2MnSn, etc. have been ex-
pected to be HMFs theoretically.1–3 Additionally, some Co-
based full-Heusler alloys have a high Curie temperature. Re-
cently, several groups have observed large tunnel
magnetoresistance TMR effect in magnetic tunnel junctions
MTJs with full-Heusler alloy electrodes.4–6 These results
experimentally reveal half-metallicity of the Heusler alloys.
The CFS Heusler alloy is one candidate that has both a
half-metallic band structure and a high Curie temperature.7,8
For this study, we fabricated high-quality CFS/Al-oxide/
CoFe MTJs. Bottom CFS electrodes with both 100 and
110 orientations were grown epitaxially. In addition, the
Al-oxide barrier was optimized by changing the plasma oxi-
dation time of metallic Al layer. The TMR effects and tunnel
conductance characteristics were investigated for the fabri-
cated MTJs.
II. EXPERIMENTAL PROCEDURE
Using magnetron sputtering, MTJ films with structures
of MgO001-sub./Cr40/CFS30/Al-oxide1.3/CoFe5/
IrMn10/Ta5 100-MTJ and Al2O30001-sub./Ta20/
W20/Cr20/CFS30/Al-oxide1.3/CoFe5/IrMn10/Ta5
110-MTJ were deposited. Each layer’s thickness is shown
in nanometers in parentheses. A sputtering target used for
CFS layer has a stoichiometric CoFeSi Co:Fe:Si
=50:25:25 composition. The fabrication conditions for
both Cr and Ta/W/Cr buffer layers were reported
previously.9,10 The bottom CFS electrodes were grown at
ambient temperature and annealed at 400 °C before deposi-
tion of the barrier layers. The MTJ films were patterned into
88–9090 m2 elements using photolithography and Ar
ion etching. After microfabrication, MTJs were annealed at
275 °C under a high vacuum and an external magnetic field
of 350 Oe.
The x-ray diffraction XRD patterns and atomic force
microscope AFM images were measured, respectively, to
confirm the crystal structure and surface roughness of the
CFS films. We measured magnetization curves using a vi-
brating sample magnetometer VSM. The TMR effects and
conductance-voltage G-V curves were measured, respec-
tively, using a standard dc four-probe method and an ac
lock-in technique. For our measurement, a positive bias volt-
age is defined as electrons tunneling from the lower CFS
Heusler alloy electrode to the upper CoFe electrode.
III. RESULTS AND DISCUSSION
Figure 1a portrays results of XRD  /2 measurement
for CFS films grown on the MgO001 substrate and Cr
buffer layer. The peaks from only 200 Cr and 200 and
400 CFS were observed except for peaks from MgO sub-
strates, indicating a perfect 100-preferred orientation of
CFS. In addition, ideal epitaxial growth in the CFS film was
confirmed from the  scan for 220 and 111 peaks, as
presented in Fig. 1b. The XRD peaks with all odd hkl
indices for full-Heusler alloy are known to originate in a
superlattice reflection in the L21 structure with complete
atomic order among Co, Fe, and Si sites. The 111 peak of
L21 was observed clearly in the -scan profile for the CFS
film. Figure 1c depicts the XRD patterns for the CFS films
grown on the Al2O30001 substrate and Ta/W/Cr buffer
layer. The peaks from only 220 Ta, W, and CFS were ob-aElectronic mail: oogane@mlab.apph.tohoku.ac.jp.
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served except for the peaks from Al2O3 substrates, indicating
a perfect 110-preferred orientation of CFS. Epitaxial
growth and L21 structure in the CFS film was confirmed
from the  scan for 400 and 111 peaks, as presented in
Fig. 1d.
Figures 2a and 2b respectively portray AFM images
of the surface for the 100-oriented and 110-oriented CFS
films. The scan area was 10001000 nm2. The AFM im-
ages showed a smooth surface and the average roughness
Ra was 0.2–0.3 nm for both 100-oriented and 110-
oriented CFS films. The saturation magnetization for CFS
films was measured using VSM. For both 100-oriented and
110-oriented CFS films, the saturation magnetization was
around 1000 emu /cm3, which was 20% smaller than that of
the bulk case,7 indicating that the CFS films include a certain
amount of atomic site disorder.
To investigate their TMR effects, MTJs using the 100-
oriented and 110-oriented CFS electrodes described above
were fabricated. The Al-oxide layers, used as tunnel barriers,
were formed by plasma oxidation process of metallic Al lay-
ers. Figure 3a shows the oxidation time tox dependence of
the TMR ratio at RT for both 100-MTJs and 110-MTJs at
RT. The TMR ratio in 100-MTJs exhibited a peak at tox
=120 s; the maximum TMR ratio was 48%. Figure 3b
shows the TMR curve for the optimized 100-MTJ. On the
other hand, for 110-MTJs, the TMR ratio varies gently
against tox; we cannot observe a clear peak of the TMR ratio.
The maximum TMR ratio for the 110-MTJs was around
33% at tox=150 s.
Figure 4a portrays the temperature dependence of
TMR ratio for the 100-MTJs and 110-MTJs, which show
maximum TMR ratios at RT. For reference, the temperature
dependence of TMR ratio for MTJs of 100-Co2MnSi /
Al-oxide/CoFe and 110-Co2MnSi /Al-oxide/CoFe are
shown together in Fig. 4a.10,11 The applied bias voltage was
about 1 mV for all MTJs. The TMR ratio increased with
decreasing temperature for both the 100-MTJ and 110-
MTJ. However, temperature dependence of the TMR ratio
was gentler than those of MTJs with a Co2MnSi electrode.
The TMR ratios at 2 K were, respectively, 80% and 60% for
FIG. 1. a and c XRDs -2 scan respectively depict patterns for
100-oriented and 110-oriented CFS films. b and d respectively show
-scan profiles of 100-CFS and 110-CFS films.
FIG. 2. a and b respectively show AFM images of the 100-CFS and
110-CFS films.
FIG. 3. a Oxidation time tox dependence of TMR ratio for the MTJs
using 100-CFS and 110-CFS bottom electrodes. b shows the TMR
curve at RT for the 100-MTJ with optimized oxidation time of tox
=120 s.
FIG. 4. a Temperature dependence of TMR ratio for the MTJs using 100-
CFS and 110-CFS bottom electrodes. b shows TMR curve at 2 K for the
100-MTJ with optimized oxidation time of tox=120 s. Dashed lines rep-
resent data for the MTJs with Co2MnSi electrodes for reference.
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100-MTJ and 110-MTJ. The spin polarization of the CFS
estimated from Julliere’s equation12 was 0.62 assuming 0.50
for CoFe Ref. 13, which is rather smaller than that of
Co2MnSi reported previously.4,11
We measured the tunnel conductance-voltage G-V
curve to investigate the density of states DOS of the CFS/
Al-oxide interface. The G-V curve at the parallel magnetic
configuration strongly reflects the DOS of ferromagnetic
electrodes at the interface. Figure 5 presents the G-V curve
measured at 2 K for the 100-MTJ at the parallel magnetic
configuration. For comparison, the G-V curve for the MTJ
with 100-Co2MnSi CMS electrode reported previously is
also presented in Fig. 5.14 For the CMS/Al-oxide/CoFe-MTJ,
the conductance was definitely asymmetric with respect to
the sign of bias voltage and the crucial rise of the conduc-
tance was observed at the bias voltages of 10 and 350 mV.
Results suggest that the voltages of 10 and 350 mV corre-
spond, respectively, to the bottom edge of the conduction
band and the top edge of the valence band for the half-
metallic band gap of the CMS electrode. On the other hand,
for MTJ with the CFS electrode, we were unable to observe
the shape corresponding to the energy gap. The conductance
increased monotonically with respect to the positive bias
voltage. The result indicates that the half-metallic energy gap
of the CFS/Al-oxide interface is lost.
There are two possible explanations for disappearance of
half-metallic nature in our MTJs with the CFS electrode.
One is that the electronic structure of the CFS/Al-oxide in-
terface is considerably different with respect to the bulk.
Since amorphous Al-oxide barriers were used in our MTJs,
the tunneling is mainly governed by the CFS/Al-oxide inter-
faces due to the small coherence length of the tunneling elec-
trons. Therefore, the tunneling characteristics reflect the elec-
tronic structure of the CFS/Al-oxide interface. If crystallized
MgO barriers are used, the half-metallic nature of the bulk
CFS can be observed due to the large coherence length of the
tunneling electrons.15,16 The other is that the parameter used
in theoretical band calculation is far from that of fabricated
CFS. Although the theoretical calculation of the DOS for the
CFS is considered to be electron-electron interaction LDA
+U calculation, this interaction seems to be small for our
fabricated CFS films. As a result, the TMR ratio was small
and no half-metallic band gap was observed in the MTJ with
the CFS electrode.
IV. SUMMARY
We fabricated MTJs with 100-oriented and 110-
oriented CFS electrodes. The maximum TMR ratio observed
was 80% at 2 K for the MTJ with 100-CFS electrode. This
TMR ratio was smaller than that of the MTJ with Co2MnSi
electrode. Additionally, we investigated conductance charac-
teristics. However, the half-metallic nature was not observed
in the conductance-voltage curves. These results indicate that
the fabricated CFS Heusler alloy has no half-metallic prop-
erty.
ACKNOWLEDGMENTS
This study was supported by NEDO.
1S. Ishida, S. Fujii, S. Kashiwagi, and S. Asano, J. Phys. Soc. Jpn. 64, 2152
1995.
2I. Galanakis, P. H. Dederiches, and N. Papanikolaou, Phys. Rev. B 66,
174429 2002.
3S. Wurmehl, G. H. Fecher, H. C. Kandpal, V. Ksenofontov, C. Felser, H.
J. Lin, and J. Morais, Phys. Rev. B 72, 184434 2005.
4Y. Sakuraba, M. Hattori, M. Oogane, Y. Ando, H. Kato, A. Sakuma, T.
Miyazaki, and H. Kubota, Appl. Phys. Lett. 88, 192508 2006.
5T. Marukame, T. Ishikawa, K. Matsuda, T. Uemura, and M. Yamamoto,
Appl. Phys. Lett. 88, 262503 2006.
6D. Ebke, J. Schmalhorst, N.-N. Liu, A. Thomas, G. Reiss, and A. Hütten,
Appl. Phys. Lett. 89, 162506 2006.
7S. Wurmehl, G. H. Fecher, H. C. Kandpal, V. Ksenofontov, C. Felser, and
H. J. Lin, Appl. Phys. Lett. 88, 032503 2006.
8H. C. Kandpal, G. H. Fecher, C. Felser, and G. Schönhense, Phys. Rev. B
73, 094422 2006.
9Y. Sakuraba, J. Nakata, M. Oogane, H. Kubota, Y. Ando, A. Sakuma, and
T. Miyazaki, Jpn. J. Appl. Phys., Part 1 44, 6535 2005.
10M. Hattori, Y. Sakuraba, M. Oogane, Y. Ando, and T. Miyazaki, Appl.
Phys. Express 1, 021301 2008.
11Y. Sakuraba, J. Nakata, M. Oogane, H. Kubota, Y. Ando, A. Sakuma, and
T. Miyazaki, Jpn. J. Appl. Phys., Part 2 44, L1100 2005.
12M. Julliere, Phys. Lett. 54A, 225 1975.
13D. J. Monsma and S. S. P. Parkin, Appl. Phys. Lett. 77, 720 2000.
14Y. Sakuraba, T. Miyakoshi, M. Oogane, Y. Ando, A. Sakuma, and T.
Miyazaki, J. Phys. D 40, 1221 2007.
15S. Yuasa, T. Nagahama, A. Fukushima, Y. Suzuki, and K. Ando, Nature
Mater. 3, 868 2004.
16S. S. P. Parkin, C. Kaiser, A. Panchula, P. M. Rice, B. Hughes, M. Samant,
and S.-H. Yang, Nature Mater. 3, 862 2004.
FIG. 5. Bias voltage dependence of tunnel conductance G-V curve for the
100-MTJ with optimized oxidation time of tox=120 s. Dashed lines show
the data for the MTJs with Co2MnSi electrodes for reference.
07C903-3 Oogane et al. J. Appl. Phys. 105, 07C903 2009
Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
